INTRODUCTION {#sec1-1}
============

Lymphoma is a type of cancer, and it is estimated to be responsible for 3% of all types of cancer worldwide.\[[@ref1]\] Particular inherited disorders, immunosuppressive drug therapies, and certain viruses are counted as known risk factors for lymphoma because of the damage on patient\'s immune system.\[[@ref1]\] The term lymphoma is firstly described by Thomas Hodgkin in 1832.\[[@ref2]\] After Hodgkin\'s discovery, different kinds of lymphomas were characterized as well. The one that described by Thomas Hodgkin is called Hodgkin\'s lymphoma (HL) and the rest are all called as non-Hodgkin\'s lymphomas (NHLs). Both HL and NHL may occur in patients with cancer history. Chemotherapies and radiotherapies can be possible causes for lymphoma. As a matter of fact, these therapies may not suitable for the treatment of all types of cancer. *Nigella sativa* is one of the candidates for treatment or supportive agent that may be used for this purpose.

*N. sativa* is from botanical Ranunculaceae family and commonly known as black seed. It is regional to North Africa and Southwest Asia, but it is cultivated by Middle Eastern region, South Europe, India, Pakistan, Syria, Turkey, and Saudi Arabia.\[[@ref3]\] It has countless biological effect such as anticancer, anti-inflammatory, analgesic, antidiabetic, and antimicrobial effect. Furthermore, it was used as a treatment of bronchitis, asthma, diarrhea, rheumatism, and skin disorders.\[[@ref4]\] *N. sativa* contains various bioactive compounds including thymoquinone, p-cymene, cis-carveol, thymol, a-phellandrene, α-pinene, β-pinene, trans-anethole, a-longipinene, and longifolene.\[[@ref5]\] Moreover, there are several studies reported anticancer effects of *N. sativa* extract against different cancer cell lines; however, anticancer effects of *N. sativa* against U937 cells have not been published, and this is the first study showing the apoptotic effect of *N. sativa* extract on U937 cells.

In this study, *N. sativa* extract and thymoquinone were assessed for their anticancer drug potential targeting human lymphoma cells. Cytotoxicity assay was applied to U937 lymphoma cells and examined in comparison with ECV304 as the control. The apoptotic effects of *N. sativa* and thymoquinone extract on intracellular signal nodes and apoptotic pathways in U937 cells include real-time polymerase chain reaction (RT-PCR) and DNA fragmentation assays.

MATERIALS AND METHODS {#sec1-2}
=====================

Extraction of Nigella sativa {#sec2-1}
----------------------------

Pulverized *N. sativa* was added into methanol with 10 mg/mL concentration. The extract was filtered using syringe tip filter (0.4 μM) after overnight incubation at room temperature.

Mammalian cell culture {#sec2-2}
----------------------

Human lymphoma U937 cell line was used to examine cytotoxic potential of *N. sativa* extract. ECV304 human umbilical vein endothelial cell line was used as a control, noncancerous cellular model. Cell lines were obtained from the American Type Culture Collection.

Dulbecco\'s Modified Eagle Medium (DMEM) (Sigma-Aldrich, D6429) and Roswell Park Memorial Institute medium (RPMI) (Biological Industries, 1640) were used for ECV304 and U937 cells, respectively. All mediums were supplemented with 10% fetal bovine serum (HyClone, SH3007003HI), 1% penicillin-streptomycin, 1% L-glutamine solution, and 0.1% minimum essential medium (MEM) nonessential amino acids solution (×100). All incubations were performed in an incubator (Thermo Fisher Scientific) with humidified atmosphere containing 5% CO~2~ at 37°C. 96-well plate, polystyrene cell culture flasks (TPP, 92096) were used for viability assays and cell cultures 2--4 days. Nearly 0.5% trypsin-ethylenediaminetetraacetic acid solution (Sigma-Aldrich, T3924) was used to remove adhesive ECV304 cells, washed once with serum-free medium and once with serous medium, and then, resuspended in DMEM at 5 × 10^5^ cells/mL density. U937 cells were suspended in RPMI at 5 × 10^5^ cells/ml density.

Cytotoxicity assay {#sec2-3}
------------------

The cytotoxic effects of *N. sativa* extract and thymoquinone against U937 lymphatic cells and ECV304 human endothelial cells were measured through 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl tetrazolium bromide (MTT) (Sigma-Aldrich, M-5655) assay.\[[@ref6][@ref7]\] 1 × 10^5^ cells/mL were suspended in the medium supplemented with 10% of fetal bovine serum, 1% of penicillin-streptomycin, 1% of L-glutamine solution, and 0.1% of MEM nonessential amino acids solution (×100) at 37°C in a humidified atmosphere containing 5% CO~2~.

Stock solutions of the *N. sativa* extract were prepared as a final concentration of 10 mg/mL using methanol. Stock solution of the thymoquinone (2-isopropyl-5-methyl-1,4-benzoquinone) (Sigma-Aldrich) (10 mg/mL concentration) was prepared using dimethyl sulfoxide. Five different concentrations for both were prepared by serial dilutions of the stock solution: 5000, 500, 100, 50, and 10 μg/mL. Ten μL dilution of the *N. sativa* extracts and thymoquinone dispensed into 96-well plates, respectively, and 90 μL of the cells were added into each well. Final concentrations of 500, 50, 10, 5, and 1 μg/mL were used in the experiments (*n* = 6, for each). For the control wells, 10 μL medium was used instead of *N. sativa* extract. After 48 h of incubation, 10 μL of MTT (5 mg/mL) solutions in phosphate buffered saline were added into each well and incubated them for 3 h at 37°C. After the incubation, supernatants were from all wells and 100 μL of SDS (Sodium dodecyl sulfate) (pH 5.5) containing isopropyl alcohol was added to dissolve the formazan crystals formed by reduction of MTT in living cells. Then, microplates were left in the dark room for 10 min. Optical density of each well was measured with 570 nm on a microplate reader (Bio-Rad Benchmark, Philadelphia, USA). Cytotoxic index (CI) was calculated with the formula:

CI = 1-- (OD (Optical density) \[treated wells\]/OD \[control wells\]) × 100%.

DNA fragmentation assay {#sec2-4}
-----------------------

After incubating with *N. sativa* extracts and thymoquinone for 24 h, U937 cells were collected by centrifugation at 13200 rpm for 20 s at room temperature; DNA fragmentation assay was applied according to a previous report.\[[@ref8]\] Extracted genomic DNA was run in agarose gel electrophoresis (2%) for 40 min at 100 V, stained in an ethidium bromide solution (0.625 mg/mL), and analyzed on a gel imaging system (Fusion FX7-02).

RNA isolation {#sec2-5}
-------------

After incubation for 24 h, 1 μL TRI Reagent (Sigma-Aldrich) was added onto U937 cells and incubated for 5 min at room temperature. Then, 200 μL of chloroform was added each of them and samples were mixed with vortex for 15 s. The samples were incubated for 3 min at room temperature. After the incubation, samples were centrifuged at 13200 rpm for 15 min at 4°C. Upper phase of samples was transferred a new microcentrifuge tube and 500 μL of isopropanol was added. Samples were incubated for 5 min at room temperature, and they were centrifuged at 13200 rpm for 10 min at 4°C. Supernatants were removed, and 750 μL of 75% ethanol was added. The samples were centrifuged at 13200 rpm for 5 min at 4°C. Then, samples were incubated for 10 min on ice to remove alcohol. RNA pellet was dissolved in 50 μL DEPC dH~2~O.

For cDNA synthesis, SensiFAST cDNA Synthesis Kit (Bioline) was used and protocol was performed according to the manufacturer\'s instructions.

Real-time polymerase chain reaction {#sec2-6}
-----------------------------------

RT-PCR was performed using Roche LightCycler^®^ FastStart DNA Master SYBR Green I kit. Manufacturer\'s protocol was used for RT-PCR test. Reverse primers 5'- GCTGTCCACACACTCCATGCT-3', 5'- CGTGTCACCGTCGTGGA-3', 5'- CTGTAAGCTTCTGACATTTC-3', 5'-GCATACTGTTTCAGCATGGCAC-3', 5'- GAGCAACATTCAGCAGG-3'and forward primers 5'- AGCTCAGCCCACCCTTCAA-3', 5'- AACGGTACTCCGCCACC-3', 5'- GTGCCCGAGCGTTACCAGACC-3', 5'- CAAACTTTTTCAGAGGGGATCG-3', 5'- GTACGAACTGTGGCGACTCC-3' were used to determine changes of AKT, p53, p38, caspase-3, and BAD gene expression levels, respectively.

Statistical analysis {#sec2-7}
--------------------

Statistical analysis was performed using the Statistical Package for the Social Sciences software (IBM). Results were expressed as the mean ± standard deviation. Statistical differences were assessed by independent-samples *t*-test, with *P* \< 0.05 as statistically significant.

RESULTS AND DISCUSSION {#sec1-3}
======================

Cytotoxic activity of *N. sativa* extract against human lymphoma U937 and ECV304 human endothelial cells was shown in [Figure 1](#F1){ref-type="fig"}. While the extract did not cause a cytotoxicity \>20% to ECV304 cells, it showed significant cytotoxic effect around %50 against human lymphoma U937 cells at the concentration level of 500 μg/mL (*P* \< 0.05). This result indicates that *N. sativa* extract has selective cytotoxic effects on U937 cells; one or a few chemical constituents of *N. sativa* extract has/have highly selective cytotoxic effects on U937 cells.

![Cytotoxicity of *Nigella sativa* extract on U937 and ECV-304 cell lines (\**P* \< 0.05)](PM-13-628-g002){#F1}

On the other hand, one of the major chemical constituents of *N. sativa* extract, thymoquinone, has been shown as a cytotoxic agent for U937 and ECV304 cells at the same doses with *N. sativa* extract \[[Figure 2](#F2){ref-type="fig"}\]. Interestingly, thymoquinone had no cytotoxic effect on U937 cells. However, it has been shown that it had a proliferative effect on both U937 and ECV304 cells.

![Cytotoxicity of thymoquinone on U937 and ECV-304 cell lines (\**P* \< 0.05)](PM-13-628-g003){#F2}

After the initial screen by MTT, to further study apoptotic effect of *N. sativa* extract on U937 cells, we checked the genomic DNA fragmentation in U937 cells incubated with *N. sativa* extract because fragmented genomic DNA is known to be a marker for apoptosis. When U937 cells were incubated 24 h with *N. sativa* extract, its genomic DNA were evidently fragmented, showing that the indicated extracts are apoptotic to these cells \[[Figure 3](#F3){ref-type="fig"}\].

![Screening apoptotic activity of *Nigella sativa* extract against U937 cells with DNA fragmentation method](PM-13-628-g004){#F3}

The mechanisms behind the cytotoxic effects of *N. sativa* extract on U937 cells were further investigated by checking their specific roles on several major apoptotic signaling pathways. For this, *N. sativa* extract was incubated with U937 cells, and the changes in the gene expression levels of AKT, BAD, p38, p53, and caspase-3 were determined. Significant changes in the apoptotic signaling pathways were observed in U937 cells incubated with *N. sativa* extract \[[Figure 4](#F4){ref-type="fig"}\]. *N. sativa* extract increased the expression levels of caspase-3, BAD, and p53 genes in U937 cells (fold changes; 3 ± 0.7, 5.9 ± 1.6, 16 ± 3, respectively) (*P* \< 0.05). On the other hand, expression levels of AKT and p38 genes in U937 and ECV304 cells were similar in both cell lines. These results indicate that *N. sativa* extract induced apoptotic pathway in lymphoma cells without affecting healthy cells.

![Real-time polymerase chain reaction analysis of AKT, BAD, p38, CDC42, p53, and caspase-3 gene expressions upon *Nigella sativa* treatment in U937 cells. This bar graph representing the fold changes of gene expression quantified by normalization to the GAPDH (\**P* \< 0.05)](PM-13-628-g005){#F4}

Various biological effects of *N. sativa* have been reported including anticancer and anti-inflammatory features *in vitro* and *in vivo* studies. Inhibitor effect of *N. sativa* on liver tumor development was reported, previously.\[[@ref9][@ref10]\] Anticancer effect of *N. sativa* extract was also reported using various cancer types.

In our study, the extract of *N. sativa* displayed significant cytotoxic activity around 50% against U937 lymphoma cells while it did not showed \>20% cytotoxicity on ECV304 cells. Together with its selective cytotoxic properties, *N. sativa* can be an anticancer agent to treat lymphoma.

It was reported that alpha-hederin found in *N. sativa* extracts was a potential anticancer agent.\[[@ref11][@ref12]\] Salomi *et al*. showed that *N. sativa* extract has very cytotoxic effect on Ehrlich ascites carcinoma, Dalton\'s ascites lymphoma, and sarcoma 180.\[[@ref13]\] *N. sativa* has a lot of other bioactive components such as thymoquinone, thymohydroquinone, dithymoquinone, p-cymene, carvacrol, 4-terpineol, t-anethol, sesquiterpene, longifolene, α-pinene, and thymol.\[[@ref5]\] It also contains carotene, calcium, iron, and potassium.\[[@ref14]\] Synergistic activity of this component can be responsible for cytotoxic activity of *N. sativa* extract against U937 cells. Duvoix *et al*. demonstrated the cytotoxic effect of trans-anethole against U937 with a high cell death percentage.\[[@ref15]\] Fraternale *et al*. also tested p-cymene of *Echinophora spinosa* L and reported as a toxic compound for U937 cells.\[[@ref16]\] In addition, thymoquinone, the most abundant component of *N. sativa*, has anticancer activity against several different cancer types and its phase studies have been started.^\[17-20\]^ Salim *et al*. showed that thymoquinone has high cytotoxic effect on murine leukemia WEHI-3 cell line and induce apoptosis through Bcl-2 and Bax *in vitro* and *in vivo*.\[[@ref21]\] Another study found that thymoquinone has anticancer effect on acute lymphocyte leukemic cell line and induces mitochondria-mediated apoptosis through Bcl-2 and Bax pathways.\[[@ref22]\] Moreover, antiproliferative and proapoptotic effects of thymoquinone combination with topotecan on U937 cells were reported.\[[@ref23]\] However, our results showed that thymoquinone has no cytotoxic effect on U937 cells, but it has proliferative effect on both U937 and ECV304 cells. Although we found that thymoquinone did not have anticancer effect against U937 cells. According to literature, various combinations of thymoquinone may lead to cytotoxic effect on U937 cells. In our study, commercial thymoquinone for the cytotoxicity experiments was used. There may be differences in between commercial thymoquinone and its isolated form from plant extract as chemical behavior and physical properties. Antagonistic or synergistic effects among essential oils can change cytotoxicity comparing with their single effects. Therefore, isolation of essential oils from the extract and their various combinations may contribute to find new anticancer agents.

To study the apoptotic effects of the extracts on U937 cells, DNA fragmentation assay was performed with treated and untreated cells. One of the hallmark features of apoptosis is fragmentation of nuclear DNA in a ladder electrophoretic pattern. Necrosis, on the other hand, is characterized by random digestion of DNA forming a "smear" on agarose gel.\[[@ref24]\] As a result of DNA fragmentation assay, fragmented DNA was screened on the gel. The apoptotic effect of *N. sativa* was detected on U937 cells with DNA fragmentation assay.

To identify intracellular apoptotic signal pathways of *N. sativa* extract on U937 cells, changes in gene expressions of AKT, BAD, p38, p53, and caspase-3 were analyzed. We detected significant increased BAD, p53, and caspase-3 gene expression in U937 cells treated with *N. sativa* extract. According to our results, p53 may stimulate BAD and promote apoptosis through cytochrome c release from mitochondria in these cells. p53 tumor suppressor gene plays important roles in cell cycle control and apoptosis.\[[@ref25]\] In addition, caspase-3 is a gene that has a central role in apoptosis and is activated by extrinsic or intrinsic mitochondrial pathways.\[[@ref26]\] *N. sativa* extract may trigger apoptosis with the increase of p53 and caspase-3 gene expressions in U937 lymphoma cells. Alhazmi *et al*. (2014) showed that *N. sativa* extract increases of caspase-3, caspase-8, caspase-9, and p53 gene expressions in MCF-7 breast cancer cells.\[[@ref27]\]

Furthermore, BAD gene is a member of Bcl-2 family and regulates programmed cell death.\[[@ref28]\] With an apoptotic stimulus, BAD is dephosphorylated and induces cell death by targeting mitochondria. p53 releases BAD in mitochondria, and transient combination of p53 with BAD activates proapoptotic proteins.\[[@ref29][@ref30]\] Then, cytochrome c is released from mitochondria and caspase cascade is activated.\[[@ref31]\] In this way, apoptosis is induced through p53, BAD, and caspase-3 activation. We analyzed and compared our results with the literature and predicted possible signaling pathways \[[Figure 5](#F5){ref-type="fig"}\]. Based on our results, *N. sativa* extract can induce p53-induced mitochondria-mediated apoptosis in U937 cells.

![Our predicted possible apoptotic pathway of *Nigella sativa* extract on U937 cells](PM-13-628-g006){#F5}

CONCLUSIONS {#sec1-4}
===========

*N. sativa* may have anticancer drug potential for U937 lymphoma cells and trigger p53-induced mitochondria-mediated apoptosis in these cells. Chemical composition of *N. sativa* extract can be analyzed in next studies, and common molecules found in especially essential oils may be individually tested on lymphoma cells to find the most suitable compound and/or synergistic combination of the molecules in advance.
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